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Abstract
Sam68 is an RNA-binding protein with an adaptor role in signal transduction. Our previous work identified critical proin-
flammatory and apoptotic functions for Sam68, downstream of the TNF/TNFR1 and TLR2/3/4 pathways. Recent studies 
have shown elevated Sam68 in inflamed tissues from rheumatoid arthritis and ulcerative colitis (UC) patients, suggesting 
that Sam68 contributes to chronic inflammatory diseases. Here, we hypothesized that deletion of Sam68 is protective against 
experimental colitis in vivo, via reductions in TNF-associated inflammatory signaling. We used Sam68 knockout (KO) mice 
to study the role of Sam68 in experimental colitis, including its contributions to TNF-induced inflammatory gene expression 
in three-dimensional intestinal organoid cultures. We also studied the expression of Sam68 and inflammatory genes in colon 
tissues of UC patients. Sam68 KO mice treated with an acute course of DSS exhibited significantly less weight loss and 
histopathological inflammation compared to wild-type controls, suggesting that Sam68 contributes to experimental colitis. 
Bone marrow transplants showed no pathologic role for hematopoietic cell-specific Sam68, suggesting that non-hematopoietic 
Sam68 drives intestinal inflammation. Gene expression analyses showed that Sam68 deficiency reduced the expression of 
proinflammatory genes in colon tissues from DSS-treated mice, as well as TNF-treated three-dimensional colonic organoids. 
We also found that inflammatory genes, such as TNF, CCR2, CSF2, IL33 and CXCL10, as well as Sam68 protein, were 
upregulated in inflamed colon tissues of UC patients. This report identifies Sam68 as an important inflammatory driver in 
response to intestinal epithelial damage, suggesting that targeting Sam68 may hold promise to treat UC patients.
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Introduction

Ulcerative colitis (UC) is the most prevalent form of inflam-
matory bowel disease (IBD) in adults, affecting more than 
one million people in the USA (Crohn’s disease Factbook 
2019) and increasing in prevalence worldwide. UC is 

idiopathic and involves a complex interplay of genetic, envi-
ronmental and immune components that result in chronic, 
diffuse inflammation of the colon and rectum [1]. Chronic 
inflammation in the intestinal mucosa of UC patients leads 
to a relapsing and remitting disease course that is charac-
terized by bloody diarrhea, abdominal pain and cramping, 
cachexia, and anemia. Patients with UC are at significantly 
increased risk for the development of colorectal cancer and 
extra-intestinal manifestations including primary sclerosing 
cholangitis and urolithiasis [2].

Recent therapeutic advances, including the use of tar-
geted biologics, have resulted in improved quality of life and 
reduced mortality for UC patients [3]. However, mucosal 
healing does not always accompany symptom control [4], 
and patients often experience unwanted and/or potentially-
severe side effects [5]. Therefore, an improved understanding 
of the molecular events regulating inflammatory signaling 
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pathways in UC is critical for the development of safer, more 
efficacious therapeutics.

The inflamed intestinal mucosa of UC patients exhibits 
hyper-activation of several proinflammatory signaling cas-
cades, including tumor necrosis factor (TNF) and toll-like 
receptors (TLR) [6–8]. TNF is a key regulator of both acute 
and chronic inflammation [9, 10]. TLRs contribute to inflam-
mation through recognition of conserved molecular patterns 
associated with gut microbes that translocate through dam-
aged intestinal epithelial cells (IEC), leading to chronic 
immune activation in the UC mucosa [7]. In previous work, 
we discovered that Src Associated substrate in Mitosis of 
68 kDa (Sam68, also known as KH domain-containing, 
RNA-binding, signal transduction-associated protein 1 
(KHDRBS1)), a member of the signal transduction and 
activation of RNA metabolism (STAR) family of proteins 
[11], is required for both TNF [12]- and TLR [13]-mediated 
proinflammatory signaling. These findings place Sam68 at 
the nexus of multiple inflammatory signaling cascades with 
established roles in the pathogenesis of UC.

Sam68 is a ubiquitously expressed, bona fide RNA-bind-
ing protein with most of its known functions associated with 
RNA metabolism, including transcription, alternative splic-
ing and nuclear export [11]. Structurally, Sam68 contains 
six proline-rich regions (PRRs) with potential to bind –SH3 
domain-containing proteins, and a tyrosine phosphoryla-
tion region to bind –SH2 domain-containing proteins [11]. 
Through its PRRs, Sam68 binds to –SH3 domains of SRC 
kinases and tyrosine phosphorylated Sam68 binds to –SH2 
domain containing proteins [14, 15]. Tyrosine phosphoryla-
tion of Sam68 by src-like kinases has been shown to coun-
teract its RNA binding and splicing function [16].

Sam68 has been identified as an important regulator 
of cell survival following DNA damage; in response to 
genotoxic stress, Sam68 regulates the transactivation of 
NF-κB-dependent anti-apoptotic genes [17]. Although 
these functions of Sam68 are protective in the context of 
cancer treatments, such as γ-irradiation and chemothera-
peutics, increased expression of Sam68 is also associated 
with neoplastic transformation and tumor progression 
in several human cancers [15], including colonic adeno-
carcinomas [17]. In addition to its role in cancer initia-
tion and progression, Sam68 was recently implicated in 
chronic auto-inflammatory diseases such as UC [18] and 
rheumatoid arthritis [19]. In UC patient samples, overex-
pression of Sam68 was correlated with increased apoptosis 
(active caspase 3 and cleaved PARP) and activation of 
proinflammatory NF-κB signaling in intestinal epithelial 
cells (IECs) [18], suggesting that Sam68 contributes to 
UC pathogenesis by enhancing NF-κB-dependent inflam-
mation and antagonizing normal wound repair processes, 
ultimately leading to apoptosis in IECs. This is distinct 
from its role in cancer, in which Sam68 expression leads 

to transactivation of anti-apoptotic genes and increased 
cell survival [17]. Collectively, these observations sug-
gest that Sam68’s complex signaling—including multi-
ple post-translational modification sites and interaction 
domains—confers multi-functionality and diverse effects 
on inflammation.

In the present study, we examined the impact of Sam68 
deletion on acute, experimental colitis in vivo, testing the 
hypothesis that mice lacking global expression of Sam68 
(Sam68 KO) will be protected from dextran sulfate sodium 
(DSS)-induced colitis via restricted activation of TNF-
dependent NF-κB signaling. Indeed, we observed sig-
nificant protection among Sam68 KO mice fed 3% DSS 
for 5 days, compared to wild-type (WT) littermate con-
trols. Bone marrow transplant experiments revealed that 
hematopoietic cell-specific Sam68 did not contribute sig-
nificantly to experimental colitis, suggesting that Sam68 in 
the epithelial compartment (IECs) is the primary driver of 
mucosal inflammation in response to DSS. To delineate the 
mechanism(s) underlying decreased inflammation in Sam68 
deficient intestine, we examined the expression of selected 
TNF-associated proinflammatory genes Tnf, Ccr2, Csf2, 
Il33, and Cxcl10 (encoding TNFα, CCR2, GM-CSF, IL-33, 
and IP-10, respectively), and found their decreased expres-
sion in DSS-treated intestinal tissue. Further implicating 
IEC-specific Sam68’s contribution to experimental colitis, 
we found striking reductions in TNF-induced inflammatory 
gene expression in three-dimensional intestinal organoids 
derived from Sam68 KO colonic crypts compared to those 
derived from WT mice. Consistent with this, inflamed colon 
tissues from UC patients showed increased expression of 
proinflammatory genes as well as Sam68 protein levels.

Collectively, our results identify Sam68 as an important 
enhancer of TNF-mediated inflammation in human and 
experimental IBD. We propose that elevated levels of Sam68 
present in mucosal tissues of UC patients serves to propa-
gate TNF-dependent inflammatory signaling, contributing 
to unresolved inflammation and intestinal damage. Our find-
ings suggest that Sam68 may represent a novel therapeutic 
candidate for UC patients.

Materials and methods

Cells

Control and Sam68 knockout mouse embryonic fibroblasts 
(MEF), Human Embryonic Kidney 293 T cells (HEK293T) 
and human colon adenocarcinoma cells (HT-29) were grown 
in DMEM media supplemented with 100 U/ml penicillin/
streptomycin, 4  mM l-glutamine and 10% fetal bovine 
serum.
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Human tissue samples

Human colon biopsy samples were obtained through col-
laboration with the Biorepository Core of the Cleveland 
Digestive Diseases Research Core Center (DDRCC). No 
human subjects were recruited for this study. All the biopsy 
samples from UC patients and healthy controls were slated 
to be discarded tissues collected in the past, which were then 
deidentified and stored at the Biorepository Core Facility. 
These stored tissues were obtained for experiments from 
the core with no associated patient identifiable informa-
tion. According to the minimal information provided by 
the Biorepository Core, UC tissues collected were obtained 
from areas of active inflammation or from adjacent, unin-
flamed areas, colon samples from healthy control individuals 
were obtained during routine colonoscopy procedures, and 
all patients (UC and control) were ≥ 18 years of age and 
were not taking biologic therapeutics at the time of sample 
collection. All studies involving deidentified human samples 
were approved by the Institutional Review Board of Univer-
sity Hospitals Cleveland Medical Center (Cleveland, OH) as 
non-human subject research as defined under NIH guidelines 
45 CFR46 or 21 CFR56 and HIPAA exempt.

Mice

All procedures involving experimental mice were approved 
by the Case Western Reserve University Institutional Ani-
mal Care and Use Committee. Sam68 KO mice were kindly 
provided by Dr. Stephane Richard, McGill University, and 
were propagated on a C57BL/6J background at Case West-
ern Reserve University. Co-housed, wild-type (WT) litter-
mates were used as controls for all experiments. Mice were 
housed under specific pathogen-free (SPF) conditions, fed 
standard laboratory chow (Harlan Teklad, Indianapolis, IN), 
and kept on a 12-h light/dark cycle.

Dextran sulfate sodium (DSS)‑induced colitis

Acute experimental colitis was induced in 8- to 12-week-old 
Sam68 KO and WT littermate mice with 3% DSS (molecu-
lar weight, 36,000–50,000 daltons; MP Biomedicals, Solon, 
OH) dissolved in sterile drinking water given ad libitum for 
5 days, followed by 1 day of  sterile drinking water without 
DSS. Mice were killed on day 6.

Histologic assessment of colonic inflammation

Full-length colon tissue was harvested from experimental 
mice, flushed of fecal contents using PBS, filleted longitudi-
nally, and fixed overnight in Bouin’s solution. Ethanol-rinsed 
tissues were paraffin embedded, cut to 3 μm, and stained 
with hematoxylin and eosin (H&E). Histologic inflammation 

was evaluated by a board-certified pathologist, using an 
established histologic scoring system for colitis. Each of 
five components (degree of ulceration, re-epithelialization, 
active inflammation, chronic inflammation, and transmural 
inflammation) was scored and added to calculate the total 
inflammatory score (TIS). The pathologist was blinded to 
mouse genotype and treatment group. Images were acquired 
using an Olympus VS120 slide scanner equipped with a 10× 
objective and 2/3″ high sensitivity/high resolution CCD 
camera (Olympus Life Science, Waltham MA).

Apoptosis assays

Formalin-fixed, paraffin-embedded colon sections (~ 5 μm 
thickness) were deparaffinized and rehydrated using sequen-
tial incubations in xylene, graded series of ethanol, and dou-
ble-distilled water (5 min each). Tissue sections were per-
meabilized using freshly prepared 0.1% Triton-X100 with 
0.1% sodium citrate, for 10 min at room temperature. Slides 
were rinsed twice with PBS, then labeled with TUNEL (Ter-
minal deoxynucleotidyl transferase dUTP nick end labeling) 
stain, according to the manufacturer’s instructions (in situ 
cell death detection kit, fluorescein, Roche). Slides were 
washed twice after incubation and mounted with mounting 
media with DAPI (Vectashield, Vector Laboratories) and 
imaged using a fluorescent microscope (Biotek Cytation 5).

Murine bone marrow transplantation

Recipient mice were lethally irradiated (1000 rad) on the 
morning of transplantation. Bone marrow (BM) was har-
vested from femurs and tibias of 8- 12-week-old WT or 
Sam68 KO mice (mixed male and female) with RPMI (10% 
FBS), and cell suspensions were washed and diluted to a 
concentration of 30 ×  106 cells/ml in HBSS. 7.5 ×  106 cells 
were injected retro-orbitally into each recipient mouse. 
Following BMT, all mice were placed on antibiotic water 
(containing 0.7 mM neomycin sulfate, 80 mM sulfameth-
oxazole, and 0.37 mM trimethoprim) for 2 weeks before 
being switched to standard autoclaved water to reconstitute 
normal gut flora. BMT mice were treated with DSS eight 
weeks following transplant.

Primary intestinal organoids

Colonic epithelial cells [20] were isolated from adult 
(8- to 12-week-old) WT or Sam68 KO mice using EDTA 
(2.5 mM EDTA in HBSS/FBS, 300  rpm for 15 min at 
37  °C). Cells were washed, strained, and crypts were 
counted. Crypts were suspended in IntestiCult Organoid 
Growth Medium (StemCell Technologies) at a concen-
tration of  106 crypts/ml. 30 μl of crypt suspension was 
mixed 1:1 with Matrigel basement membrane preparation 
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(Corning) and seeded onto tissue culture dishes. Follow-
ing 30 min at 37 °C, Matrigel domes were covered with 
IntestiCult media. Intestinal organoids were visible by day 
4–5 of culture, and used for experiments on day 9–12 of 
culture.

RNA extraction and qPCR analysis

Total RNA was isolated from primary cells and organoids 
using the High Pure RNA Isolation Kit (Roche Life Sci-
ence, Indianapolis, IN) or DNAaway RNA miniprep kit 
(Bio Basic), and from tissue samples using Trizol-based 
extraction. Reverse-transcription was performed using 
High Capacity Reverse Transcription kit (Applied Bio-
systems, Cambridge). Real-time quantitative PCR was 
performed using SYBR green reagents on a Bio-Rad real-
time PCR system. The details of the qPCR in compli-
ance with the recommendations provided at www. rdml. 
org/ miqe. html were as follows: Program—Step 1: 95 °C, 
3 min, Step 2: 95 °C, 4 s, Step 3: 60 °C, 60 s, read, then 
go to step 2 × 40 times. Master Mix: Power SYBR Green 
or PowerUP SYBR Green Master Mix (Thermo Fisher 
Scientific); polymerase: Dual-Lock Taq DNA Polymer-
ase (proprietary version of Taq polymerase);  MgCl2 final 
concentration: 2.5 mM; dye: SYBR Green I; Fwd/Rev 
PRIMER final concentration: 500 nM; machine used: 
CFX96 (Bio-Rad); reaction volume: 10 µL; consumables 
used: HARD-SHELL PCR plate, 96-well, thin wall (Cata-
log #: HSP9601, Bio-Rad); transparency: clear; and seal-
ing method: adhesive (Catalog #: 236366, Thermo Fisher 
Scientific). Experimental triplicate samples were run for 
at least three biological replicates for all stimulation con-
ditions. All values were normalized to the housekeeping 
gene L32. Data are presented as mean ± standard error of 
mean (SEM) (n = 3). p values were obtained by unpaired 
Student’s t test; ****p < 0.0001, ***p < 0.001, **p < 0.01, 
*p < 0.05.

Western blotting

Total cell lysates were prepared by suspending the cells in 
the lysis buffer (1.0% Triton-X100, 20 mM HEPES (pH 
7.6), 0.1% SDS, 0.5% Sodium deoxycholate, 150 mM NaCl, 
1 mM EDTA, and complete protease inhibitor cocktail) and 
rotating at 4 °C for 30 min. Cytoplasmic and nuclear extracts 
were prepared as described previously [21]. For Western blot 
analysis, cell lysates were run through 9% SDS–PAGE gels, 
transferred onto nitrocellulose membranes, probed using 
relevant antibodies, and visualized by enhanced chemilu-
minescence assay.

Data analysis and statistics

Data analysis was performed using GraphPad Prism 7 
(GraphPad Software, San Diego, CA). All data are presented 
as mean ± SEM unless otherwise noted. For direct com-
parison of two groups, statistical significance was assessed 
using two-tailed unpaired Student’s t tests. Statistical sig-
nificance of experiments containing multiple groups were 
assessed using one-way analysis of variance (ANOVA) with 
Bonferroni’s corrections. p values < 0.05 were considered 
significant.

Results

Sam68 KO mice exhibit protection 
from experimental, DSS‑induced colitis

Our previous work identified novel roles for Sam68 in both 
TNF/TNFR1 [12] and TLR2/3/4 signaling [13]. In particu-
lar, we found that Sam68 is required for NF-κB inflamma-
tory signaling in response to TNF/TNFR1 engagement, as 
well as for formation of active caspase-8 containing apop-
tosome and TNF-induced apoptosis. Given the central role 
of TNF signaling in inflammatory bowel disease (IBD) and 
the mixed success of blocking TNF in IBD patients, we rea-
soned that inhibition of Sam68 may be an effective strategy 
to dampen experimental IBD in vivo.

To test this, we subjected Sam68 KO mice and wild-type 
(WT) littermate controls to a standard model of acute intesti-
nal damage, wherein mice are fed for 5 days with 3% dextran 
sulfate sodium (DSS)-supplemented water and killed on day 
6 [25]. As expected, both WT and Sam68 KO mice exhib-
ited signs of experimental colitis in response to DSS feed-
ing, including weight loss and colon shortening. However, 
Sam68 KO mice consistently developed less severe disease 
compared to WT mice: whereas WT mice lost an average of 
15% body weight over 5 days of DSS feeding (Fig. 1A, solid 
blue line), Sam68 KO mice lost an average of only 8.5% 
body weight (Fig. 1A, solid red line). Vehicle-treated mice 
maintained a consistent body weight, as expected (Fig. 1A, 
dashed lines).

DSS-mediated epithelial damage results in loss of tis-
sue architecture and eventual fibrosis, resulting in thin-
ning and shortening of the colon tissue [26]. DSS-treated 
Sam68 KO mice showed mild colon shortening (average 
of 11.2% reduction in colon length compared to vehicle-
treated Sam68 KO mice), whereas DSS-treated WT mice 
showed more severe colon shorting (average of 27.7% reduc-
tion in colon length compared to vehicle-treated WT mice) 
(Fig. 1B, C). The colon lengths of baseline Sam68-KO mice 
are slightly shorter than those of baseline WT mice (average 
length: 7.0 cm for Sam68-KO, compared to avg. 7.5 cm for 

http://www.rdml.org/miqe.html
http://www.rdml.org/miqe.html
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WT controls), likely due to the overall smaller size of the 
Sam68KO mice [27].

A standard assessment of disease activity (disease activity 
index, DAI [28, 29]) was performed as described previously 
[25] on WT and Sam68 KO mice following 5 days of DSS or 
vehicle control feeding. In agreement with weight loss and 
colon shortening data (Fig. 1A–C), DAI scores were signifi-
cantly higher for WT mice (Fig. 1D, gray bars) compared 
to Sam68 KO mice (Fig. 1D, black bars). Representative 
images of DSS treated WT and Sam68 KO mice as well as 
their stools are shown in Supplementary Fig.S1A.

To study the microscopic changes associated with 
experimental colitis, histopathological assessment of 
H&E-stained colon tissues from DSS- versus control-fed 
mice was performed. Colons isolated from control-fed WT 

and Sam68 KO mice appeared histologically and morpho-
logically normal, with characteristic architecture includ-
ing columnar epithelia overlying the mucosa, submucosa, 
and muscularis layers (Fig. 2A, left). This suggests that 
absence of Sam68 does not affect basal intestinal architec-
ture. In contrast, colon tissues isolated from DSS-treated 
mice exhibited significant loss of healthy colonic architec-
ture, including epithelial erosion, ulceration, and depletion 
of mucous-producing goblet cells (Fig. 2A, right). These 
features were significantly more pronounced in WT mice 
compared to Sam68 KO littermates (Fig. 2A). Colon tis-
sues isolated from DSS-treated WT mice also exhibited 
significantly higher proportions of immune cell infiltration 
(Fig. 2A) including  CD3+ T cells (Fig. 2B), compared to 
DSS-treated Sam68 KO mice.
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Fig. 1  Sam68 KO mice exhibit resistance to acute DSS-induced coli-
tis. WT and Sam68 KO littermate mice (9–12 weeks old) were sup-
plemented with 3% DSS in their drinking water for 5 days (“DSS”) or 
received regular tap water as controls (“C”). A Body weight change 
during DSS treatment; comparison of WT-DSS group and Sam68 
KO-DSS group, two-tailed unpaired t test, n = 6 mice per group. B 
Colon length in centimeters. Comparison of WT-C vs WT-DSS (aver-
age decrease 27.7%) and Sam68 KO vs Sam68 KO-DSS (average 
decrease 11.2%). Direct comparison of two groups using two-tailed 

unpaired t test, n = 6 mice per group. C Quantitation of colon shorten-
ing in B. % decrease in colon length compared to non-DSS treated 
controls, n = 6. D Disease activity index (DAI), for indicated mice fol-
lowing DSS treatment or control. Direct comparison of two groups 
(WT-DSS vs Sam68 KO-DSS) using two-tailed unpaired t test, n = 6). 
WT-C and Sam68 KO-C were excluded from the statistical analysis 
as their DAI scores were zero. All data represented as mean ± SEM. 
*p < 0.05, **p < 0.01, ***p < 0.001
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To quantitate the inflammatory changes associated with 
DSS feeding in WT versus Sam68 KO mice, total inflam-
matory scoring (TIS) was performed on H&E-stained 
colon tissues using an established scoring system [30]. 
Sam68 KO exhibited significantly lower TIS compared 
to WT controls (Fig. 2C), indicating that DSS-induced 
colonic inflammation is less severe in the absence of 
Sam68.

Sam68 KO mice are resistant to DSS‑induced 
upregulation of proinflammatory cytokines 
and apoptosis

Sam68 enhances TNF mediated inflammatory signaling 
cascades via activation of NF-κB, which is a key regula-
tor of inflammatory gene expression [12, 13]. To better 
understand the pathogenic mechanisms of Sam68 in acute 
intestinal inflammation, we assessed NF-κB-dependent pro-
inflammatory gene expression in full-thickness colon tissues 
isolated from DSS- versus control-fed mice. As expected, 
the expression of several NF-κB-dependent inflammatory 
genes relevant to human and murine colitis—including 
Tnf, Ccr2, Csf2, Il33, and Cxcl10 (encoding TNFα, C–C 
Motif Chemokine Receptor 2, GM-CSF, IL-33, and IP-10, 
respectively) was significantly upregulated in colon tissues 
obtained from DSS-treated, WT mice compared to control-
treated mice (Fig. 3A, gray bars). In contrast, colon tissues 
obtained from DSS-treated, Sam68 KO mice showed very 
modest changes in gene expression (Fig. 3A, black bars), 
indicating that Sam68 contributes to the upregulation of 
these core proinflammatory genes.

Because Sam68 is known to regulate the expression of 
apoptotic genes downstream of NF-κB [12, 17], we assessed 
the induction of apoptosis in distal colon tissues isolated 
from DSS-treated mice versus controls. As expected, DSS 
treatment of WT mice resulted in substantial induction of 
apoptosis, as assessed by fluorescent TUNEL (Terminal 
deoxynucleotidyl transferase dUTP nick end labeling) stain-
ing (fluorescein staining, Fig. 3B, left). However, Sam68 KO 
mice treated with DSS exhibited only moderate TUNEL-
positive staining (fluorescein staining, Fig. 3B, right), indi-
cating that DSS-induced apoptosis is reduced in the absence 
of Sam68.

Expression of Sam68 in hematopoietic cells 
does not significantly contribute to intestinal 
inflammation

Sam68 is broadly expressed by a wide variety of cell types, 
including hematopoietic cells such as lymphocytes [14, 22, 
31] and myeloid cells [13, 32], and non-hematopoietic cells, 
such as colonic epithelial cells and fibroblasts [12, 22]. We 
utilized bone marrow transplant (BMT) experiments to 
determine the cellular source of proinflammatory Sam68 
in the intestine in response to DSS. Briefly, WT recipient 
mice were lethally irradiated and then re-constituted with 
bone marrow isolated from either WT or Sam68 KO donor 
mice (WT → WT and KO → WT, respectively). Result-
ing chimeric mice were subjected to acute DSS feeding, as 
described above, and sacrificed on day 6. Interestingly, WT 
→ WT and KO → WT BMT cohorts exhibited comparable 
responses to DSS, in terms of weight loss (Fig. 4A), DAI 

A

B

C

Fig. 2  Sam68 KO mice exhibit reduced colonic inflammation in 
response to DSS. WT and Sam68 KO littermate mice were fed 3% 
DSS for 5 days. Representative images of A H&E-stained and B anti-
CD3-stained distal colon sections are shown (scale bars 200 μm). C 
Total inflammatory score (TIS). Direct comparison of two groups, 
WT-DSS vs Sam68 KO-DSS, using two-tailed unpaired t test, n = 6. 
Data is expressed as mean ± SEM. **p < 0.01
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(Fig. 4B), colon shortening (Fig. 4C), and histopathological 
TIS (Fig. 4D), and absence of Sam68 in hematopoietic cells 
offered no protection against DSS-induced intestinal dam-
age. We confirmed that bone marrow transplantation effi-
ciency was comparable in the two groups of mice, i.e., WT 
→ WT and KO → WT, by flow cytometry-based analysis 
of T cells, Treg cells, B cells and myeloid cells in the spleen 
of recipient mice (Supplementary Fig. S2).

The lack of protection among KO → WT BMT mice indi-
cates that hematopoietic cell expression of Sam68 does not 
significantly contribute to intestinal inflammation. Consist-
ent with this, the frequency of major lymphoid and mye-
loid populations, including B and T cells, NK cells, mac-
rophages, and dendritic cells, was unchanged in the spleen 

(Supplementary Fig. S3A), thymus (Supplementary Fig. 
S3B) and mesenteric lymph nodes (Supplementary Fig. S4) 
of Sam68 KO mice compared to WT controls, further sug-
gesting that Sam68 does not play a major role in hematopoi-
etic cell development, differentiation or trafficking.

TNF‑induced proinflammatory gene expression 
is compromised in Sam68 KO three‑dimensional 
intestinal organoids

Our observations in BMT chimeric mice led us to hypoth-
esize that non-hematopoietic Sam68, potentially in the 
IEC compartment [18], is a major contributor to DSS-
induced intestinal damage. Primary IECs are prone to 
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ple comparisons test, n =). **p < 0.01, ***p < 0.001. (B) Distal colon 
sections were assessed for apoptosis by fluorescent TUNEL staining 
(upper row). Nuclear staining (DAPI, middle row) and bright field 
(bottom row) are also shown
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rapid apoptosis once removed from the underlying mucosa 
[33] and do not fully recapitulate the complex spatial 
organization of the intestinal epithelium. Therefore, we 
developed a three-dimensional organoid system in which 
to study Sam68 KO IECs ex vivo. Following 8–10 days of 
culture, WT and Sam68 KO intestinal organoids were fully 
differentiated, modeling the self-renewal capacity and dif-
ferentiation hierarchy found in the primary tissue, includ-
ing epithelial polarization and functional lumen (Fig. 5A).

To investigate how Sam68-deficient colonoids respond 
to physiologically relevant proinflammatory signaling, we 
treated WT and Sam68 KO colonoids with TNF (100 ng/
ml) ex vivo for 3 h, and then lysed the colonoids for mRNA 
and qPCR. Interestingly, and in agreement with our in vivo 
data (Figs. 1, 2, 3, 4), we observed significant enhance-
ment in proinflammatory gene expression (Tnf, Ccr2, Csf2, 
and Cxcl10) among WT colonoids in response to TNF 
stimulation (Fig. 5B, gray bars). In contrast, Sam68-KO 
colonoids treated with TNF showed less-efficient induc-
tion of Tnf and Cxcl10, and no induction of Ccr2 or Csf2 
(Fig. 5B, black bars). Gene expression of Il33 was not 
induced by TNF treatment of either WT or Sam68-KO 
colonoids (Fig. 5B), suggesting that its induction in DSS-
treated colon tissues (Fig. 3A) may depend on cell type(s) 
not present in colonoids, such as mucosal immune cells, 
or may occur at different kinetics than 3 h in colonoids.

Sam68 is selectively upregulated in inflamed 
regions of UC patient colon tissues

UC is responsive to TNF-directed therapeutics [35–38], 
suggesting that TNF is a major inflammatory driver of dis-
ease. To more closely examine the association of Sam68 
with active inflammation in UC, we obtained colonic 
biopsy samples from actively inflamed and non-inflamed 
regions of the colon of UC patients, and non-IBD con-
trols, and prepared mRNA and protein extracts. We found 
that Sam68 protein was dramatically increased in inflamed 
regions of UC patient colon tissue compared to non-
inflamed UC colon tissues and healthy controls (Fig. 6A). 
This suggests that Sam68 expression correlates with active 
inflammatory signaling.

Interestingly, the enhanced Sam68 expression appears to 
be regulated by a posttranslational mechanism, as we did 
not find any significant differences in the mRNA expression 
of Sam68 between the control and UC samples (Fig. 6B). 
However, mRNA transcript levels of several proinflam-
matory genes were increased in UC patient biopsy sam-
ples (including TNF, CCR2, CSF2, IL-33, and CXCL10, 
Fig. 6C), suggesting active proinflammatory transcription 
in UC correlating with increased Sam68 protein expres-
sion (Fig. 6A). These data suggest the intriguing possibility 
that UC patients may exhibit differential posttranslational 

Fig. 4  Sam68 expression in 
hematopoietic cells does not 
contribute significantly to acute 
DSS-induced colitis. 8- to 
10-week-old WT mice (mixed 
M/F) were lethally irradiated 
(1000 rad) and reconstituted 
with bone marrow (BM) cells 
from WT or Sam68 KO mice 
(8–10 ×  106 cells/recipient). 
8 weeks post-transfer, mice 
were treated for 5 days with 3% 
DSS-supplemented drinking 
water. All mice were sacri-
ficed on day 6. A Body weight 
change over time. B Disease 
activity index (DAI), based 
on weight loss, stool consist-
ency, and fecal blood contents 
at day 6. C Colon length. D 
Total inflammatory colitis score 
(TIS), based on histopathologi-
cal evaluation of H&E-stained 
colon tissues. Direct compari-
son of two groups using two-
tailed unpaired t test. All data 
represent mean ± SEM (n = 10 
recipient mice/group; ns not 
significant)
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stabilization of Sam68, resulting in overexpression of the 
protein and chronic inflammatory signaling.

To further examine whether proinflammatory signaling 
enhances Sam68 protein levels, we stimulated human colon 
cells (HT-29 cell line) and mouse embryonic fibroblasts 
(MEF cells) with TNF. We found that Sam68 protein levels 
were substantially elevated in both cell types following TNF 
treatment (Fig. 6D). To directly study the mechanism involv-
ing Sam68 in TNF-induced proinflammatory signaling in the 
colon, we generated a Sam68-deficient HT-29 cell line by 
CRISPR/Cas9-mediated gene editing as we described previ-
ously [39] (Fig. 6E). We found that the absence of Sam68 
blocked TNF-induced degradation of IκBα protein in the 
cytoplasm (Fig. 6E top), with associated inhibition of the 
nuclear translocation of NF-κB subunits, RelA, p50 and 
c-Rel (Fig. 6E bottom).

Collectively, protection of Sam68 KO mice from experi-
mental colitis enhanced the expression of Sam68 protein in 
UC patients’ colon tissues, induction of Sam68 following 

TNF stimulation, and inhibition of TNF-induced activation 
of NF-κB pathway in colon cells lacking Sam68 suggest 
a proinflammatory role for Sam68 in perpetuating chronic 
inflammation of the colon (Fig. 7 schematic model).

Discussion

Ulcerative colitis (UC) is an idiopathic form of inflammatory 
bowel disease (IBD) characterized by continuous, chronic 
inflammation of the colonic mucosa [34]. Unchecked inflam-
mation is highly destructive, leading to permanent tissue 
damage and organ-specific autoimmunity [40]. Thus, an 
improved understanding of the molecular events regulating 
inflammatory signaling pathways is critical for the control of 
inflammatory diseases such as UC. Although UC is associ-
ated with Th2-like cytokine production, the expression of T 
cell-derived cytokines including IL-4 and IL-5 is variable 
among patient samples [41, 42]. In contrast, inflamed tissues 

A B

Fig. 5  Sam68 KO organoids show decreased TNF induced inflam-
matory gene expression. A Representative images of colon organoid 
cultures prepared from WT and Sam68 KO mice (n = 5). B Organoids 
were stimulated with TNF for 3  h and samples were then analyzed 
by qPCR to determine the expression of indicated mRNAs relative 

to that of the ribosomal protein L32. Relative mRNA expression data 
were calculated with respect to the expression of ribosomal protein 
L32. Data represented as mean ± SEM (One way ANOVA, Bonfer-
roni’s multiple comparisons test, n = 3). **p < 0.01, ***p < 0.001, ns 
not significant
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from UC patients consistently express overactivation of TNF 
signaling pathways [6, 8], suggesting that these are key driv-
ers of inflammation in UC. Therapeutic agents targeting 
TNF, including infliximab, adalimumab, and golimumab, 
are mainstays for the treatment of patients with moderate-
to-severe UC [35–38], highlighting the central role of TNF 

in UC pathogenesis. Although these agents have resulted in 
significant clinical improvements for a large proportion of 
patients, many patients fail to express durable remission, or 
develop unwanted—and often severe—side effects [43, 44]. 
Thus, there is a clear need for improved therapeutic options 
for UC patients.

A

C

D E

B

Fig. 6  UC and TNF stimulation enhances Sam68 protein and inflam-
matory gene expression and Sam68 deficiency blocks TNF-induced 
NF-κB pathway in colon cells. A Protein expression of Sam68 and 
actin in colonic biopsy samples isolated from indicated patient groups 
(n = 3/group). B and C Relative mRNA expression of indicated genes 
among colonic biopsy samples isolated from healthy control (“N”) 
and inflamed ulcerative colitis (UC) patients. Relative mRNA expres-
sion data were calculated with respect to the expression of ribo-
somal protein L32. Direct comparison of two groups, (N and UC) 
using two-tailed unpaired t test. Data represented as mean ± SEM. 
**p < 0.01. ***p < 0.001. D HT-29 and MEF cells were treated 

with 100 ng/ml TNF for the indicated time points (n = 3). Total cell 
lysates were probed for Sam68 expression. Actin was used as load-
ing control. E HT-29 cells were infected with control or Sam68 guide 
RNA and Cas9 expressing lentiviral vectors. Transduced cells were 
selected using puromycin and analyzed for Sam68 expression and 
TNF-induced NF-κB pathway activation. Cells were treated with 
TNF as indicated and analyzed for the expression of indicated pro-
teins. Actin and Lamin A/C were used as loading controls for the 
cytoplasm and nucleus, respectively. Purity of the lysate fractions was 
confirmed by probing for Lamin A/C in the cytoplasm and tubulin in 
the nucleus (n = 3)
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In addition to its canonical roles in RNA metabolism, 
Sam68 functions as an adaptor protein that contributes to the 
regulation of intracellular signaling cascades downstream of 
T cell receptor signaling [14, 22] and insulin signaling [23, 
24], among others. Our previous work identified Sam68 as 
a critical component of downstream signaling in response to 
TNF receptor activation [12], placing it at the nexus point of 
IBD-relevant proinflammatory signaling pathway.

Based on our findings, we hypothesized that Sam68 con-
tributes to chronic inflammation in UC, and that it may rep-
resent an attractive target for future drug design because of 
its critical role in TNF signaling. In this report, we show 
that Sam68 protein is significantly upregulated in inflamed 
mucosal biopsy samples from UC patients compared to non-
inflamed UC samples and healthy control colon samples. In 
agreement with a previous report implicating Sam68 in UC 
[18], we found that Sam68 over-expression in UC patient tis-
sues was restricted to actively inflamed regions of the colon. 
This finding is significant because it implicates Sam68 in 
destructive tissue inflammation. Interestingly, although we 
found that mRNA transcript levels of several proinflam-
matory genes were increased in UC patient samples com-
pared to non-inflamed controls, Sam68 gene expression was 

comparable among controls and UC patients. Collectively, 
these findings suggest that overexpression of Sam68 protein 
in UC patients’ colon tissues may enhance TNFR-dependent 
activation of NF-κB [12], thus perpetuating chronic inflam-
mation.  Our data also suggest  that posttranslational modi-
fications may stabilize Sam68 in UC patients, resulting in 
overexpression of the protein [18].

Previous studies have shown tyrosine phosphorylation of 
Sam68 [45, 46], and threonine/serine phosphorylation [47] 
as well as phosphorylation by other Src family kinases. In 
our previous study [12], we found that TNF stimulation does 
not induce tyrosine phosphorylation of Sam68. Whether 
TNF induces serine/threonine phosphorylation of Sam68, 
which may alter protein stability remains to be determined. 
Defective ubiquitin-dependent proteasomal degradation 
could be a mechanism stabilizing Sam68 in UC and inflam-
matory conditions. Posttranslational modifications such as 
acetylation and methylation alters proteasomal susceptibil-
ity of proteins; e.g., acetylation of Smad7 prevents its pro-
teasomal degradation in IBD [48] and arginine methylation 
has been shown to stabilize KLF4 [49, 50]. Previous studies 
have shown that Sam68 is modified by acetylation [51] and 
PRMT1-mediates asymmetric dimethylation of Sam68 [52]. 

Fig. 7  A schematic model showing the role of Sam68 in intestinal 
inflammation. One possible mechanism involving Sam68 in intesti-
nal inflammation is the activation of the canonical NF-κB pathway 
through the induction of RelA/p50 and c-Rel/p50 dimers. These 
canonical NF-κB dimers control the expression of several proinflam-
matory genes, including Tnf, Ccr2, Csf2, Il33, and Cxcl10. DSS treat-
ment enhances the expression of these proinflammatory genes and the 

TNF produced further activates the inflammation in the presence of 
Sam68 (left). In the absence of Sam68, DSS-induced inflammation 
is greatly diminished, and TNF-induced NF-κB RelA/p50 and c-Rel/
p50 activation is compromised in colon cells. This decreased inflam-
matory signaling might play a role in protecting the Sam68 KO mice 
from experimental colitis (right), which may be translatable as an 
approach to treat the human disease through targeting Sam68
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Whether acetylation and methylation play a role in stabiliz-
ing Sam68 warrants further investigation.

Our present study is the first to examine the in vivo effects 
of an intestinal damage model (DSS colitis) in Sam68 KO 
mice. Deletion of Sam68 contributes to reduced body size 
[27], and our Sam68 KO mice also appeared smaller than the 
wild-type mice; however histological colon tissues appeared 
relatively normal among our Sam68-KO mice (Fig. 2, Sup-
plementary Fig. S1). Upon challenge with an acute protocol 
of DSS, however, we observed significantly less colonic 
inflammation, tissue damage, and apoptosis among Sam68 
KO mice compared to WT littermate controls. These data 
suggest that Sam68 contributes to the epithelial damage 
response to DSS feeding, and that overexpression of Sam68 
protein in UC patients may enhance local inflammation at 
the level of intestinal epithelial cell (IEC) dysregulation.

Previous work suggested that Sam68 contributes to IEC 
apoptosis via constitutive activation of NF-κB signaling 
[18]. Our previous studies demonstrated a requirement for 
Sam68 as an adaptor protein at the TNF receptor mediat-
ing TNF-induced NF-κB activation and inflammatory gene 
expression [12]. In the absence of Sam68, TNF induced 
activation of the NF-κB pathway is compromised due to 
the decreased phosphorylation of the kinases at the TNF 
receptor, which could account for the decreased proinflam-
matory gene expression in Sam68 KO cells. As several pre-
vious studies [53–55] and this study show, DSS induces TNF 
expression, which could initiate the inflammatory signaling 
cascade through Sam68-dependent pathway. In the absence 
of Sam68, both DSS-induced TNF expression and the TNF-
induced inflammation are decreased, which may account, 
at least in part, for the decreased inflammation in Sam68 
KO mice.

This constituted the base for our hypothesis that IEC-
specific Sam68 actively contributes to DSS-induced colonic 
inflammation in mice via enhancing TNF-dependent NF-κB 
pathway activation. In our bone marrow transfer (BMT) 
experiment in which Sam68 KO or WT bone marrow 
was transferred to lethally irradiated, WT recipients, we 
observed no rescue of the colitis phenotype among recipi-
ents of Sam68 KO versus WT bone marrow, suggesting that 
non-hematopoietic (i.e., IEC) Sam68, but not hematopoietic 
Sam68, may drive colonic inflammation. Since Sam68 KO 
mice are infertile and newborn Sam68 KO exhibit high rates 
of neonatal mortality [56, 57], our plan to perform reciprocal 
BMT using Sam68 KO as recipients of WT versus Sam68 
KO BM proved unfeasible. Our immediate future studies are 
aimed at generating and utilizing novel IEC-specific Sam68 
conditional KO mice, which will further validate the epithe-
lial specific role of Sam68 in intestinal inflammation.

To gain additional insight into the role of Sam68 on the 
intestinal epithelium ex vivo, we developed three-dimen-
sional colonic organoid cultures from primary crypt cells 

of WT and Sam68 KO mice. Colonic crypts isolated from 
both WT and Sam68 KO mice yielded organoids in culture, 
and the lack of Sam68 resulted in a significant decrease in 
the expression of selected TNF-induced inflammatory genes 
(Tnf, Ccr2, Csf2, and Cxcl10) in the 3D culture. Providing 
mechanistic evidence, we found that CRISPR/Cas9 medi-
ated deletion of Sam68 in a colon cell line (HT-29) blocked 
TNF-induced NF-κB pathway activation. This suggests 
that the primary impact of Sam68 in colon inflammation 
is likely at the level of NF-κB-dependent inflammatory and 
anti-apoptotic signaling, as we also observed reductions in 
DSS-induced epithelial apoptosis in Sam68 KO mice. Col-
lectively, these data suggest that Sam68 functions at multi-
ple levels, i.e., proinflammatory signaling and cell survival/
death signaling, to regulate inflammation.

Chronic inflammation of the colon and rectum, as occurs 
in UC patients, is an established risk factor for the develop-
ment of colorectal cancer (CRC) [58, 59], and Sam68 pro-
motes colon tumorigenesis via regulation of DNA damage-
induced NF-κB signaling [17]. Despite routine endoscopic 
surveillance for CRC among UC patients, this cohort is still 
at significantly increased risk of developing and dying from 
CRC [60–62]. Therefore, the identification of key factor(s) 
contributing to chronic inflammatory signaling in the UC 
colon is of tremendous importance for ultimately prevent-
ing malignant transformation. Our data suggest that Sam68 
may represent such a factor, as it is overexpressed selec-
tively in the inflamed regions of colonic tissue from patients 
with active UC. In support of this hypothesis, expression of 
Sam68 has been previously correlated with enhanced pro-
liferation and survival of prostate and ovarian cancer cells 
[16, 63].

Collectively, our present findings and previous study 
[12] identify Sam68 as a key inflammatory driver in 
UC through enhancement of TNF-dependent signaling. 
Although TNF-directed therapeutics offer some benefit 
in UC, studies show that approximately 50% of patients 
do not respond consistently to TNF blockade, suggesting 
more complexity to the role of TNFR signaling in UC. 
Mechanism(s) underlying the efficacy of anti-TNF agents 
in some patients, versus failure to respond in others, are 
not well understood. In addition to its role in inflammation, 
TNF is critical for multiple biological processes including 
potential to act as anti-tumor agent through its cytotoxic 
function and also plays a role in tumor surveillance [64]. 
Hence, global long-term blocking of its function in IBD 
patients, in general, may lead to unexpected side effects. 
Deletion of Sam68, a downstream adaptor in TNFR sign-
aling, greatly reduces TNF-induced expression of various 
inflammatory mediators, yet other TNF-induced pathways 
such as ERK and JNK are not affected [12]. Therefore, 
specifically targeting downstream signaling proteins such 
as Sam68 involved in TNF-mediated inflammation may 
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represent a refined therapeutic strategy with potentially 
lesser side effects, and may reduce the potential for malig-
nant transformation among patients with UC.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 021- 03976-7.

Acknowledgements The authors thank Dr. Stephane Richard, McGill 
University for providing the Sam68 KO mice. We thank the Cleve-
land Digestive Disease Research Core Center (DDRCC) for support, 
particularly Drs. Fabio Cominelli, M.D., Ph.D. (Center Director and 
Mouse Models Core Director), Dr. Theresa Pizarro, Ph.D. (Associate 
Center Director and Histology/Imaging Core Director), and Dr. Clau-
dio Fiocchi, M.D. (Associate Center Director and Biorepository Core 
Director). We also thank Dr. Wei Xin, M.D., Ph.D., board-certified 
DDRCC Pathologist, for his expert analysis of DSS-treated colon 
tissues.

Author contributions WAG performed experiments, analyzed data, and 
wrote the manuscript. SB performed experiments and analyzed data. 
ARL, FDSR and TM performed experiments. PR conceived of the 
study, performed experiments, analyzed data and edited the manuscript.

Funding This work was supported by supported by the National Insti-
tute of Allergy and Infectious Diseases at National Institute of Health 
grants R01 AI116730 and R21 AI144264, and National Cancer Institute 
at National Institute of Health grant R21 CA246194, to P.R. Research 
reported in this publication was also supported by the National Institute 
Of Diabetes And Digestive And Kidney Diseases at the National Insti-
tutes of Health under Award Number P30DK097948 that supported 
Cleveland Digestive Disease Research Core Center Pilot/Feasibility 
Award to P.R. The content is solely the responsibility of the authors and 
does not necessarily represent the official views of the National Insti-
tutes of Health. W.A.G. was supported by the National Institute Of Dia-
betes And Digestive And Kidney Diseases at the National Institutes of 
Health grants R01 DK128143, K01 DK105138, R03 DK123579, and 
Crohn’s & Colitis Foundation Senior Research Award #635911. A.R.L 
was supported by the National Institute of Health NIH/NEI T32 pre-
doctoral training grant T32EY007157.

Availability of data and material All of the data underlying this article 
are available in the article and in its online supplementary data. Materi-
als such as reagents will be available upon request.

Code availability Not applicable.

Declarations 

Conflict of interest PR has a patent on the use of Sam68 for modulat-
ing signaling through the TNF receptor (US8598137B2). Other au-
thors have declared that no conflict of interest exists.

Ethics approval All mouse studies were approved under CWRU 
IACUC protocol 2013-0134. All human tissue samples used in this 
study were slated to be discarded samples that were deidentified and 
procured through the Cleveland Digestive Disease Research Bioreposi-
toy Core facility with non-human subject research IRB approval from 
University Hospitals, IRB number NHR-16-103 and STUDY20210825.

Consent to participate Not applicable. No human subjects were 
recruited for this study.

Consent for publication Not applicable.

References

 1. de Souza HSP, Fiocchi C, Iliopoulos D (2017) The IBD interac-
tome: an integrated view of aetiology, pathogenesis and therapy. 
Nat Rev Gastroenterol Hepatol 14(12):739–749

 2. Goodman WA, Erkkila IP, Pizarro TT (2020) Sex mat-
ters: impact on pathogenesis, presentation and treatment of 
inflammatory bowel disease. Nat Rev Gastroenterol Hepatol 
17:740–754

 3. Neurath MF (2017) Current and emerging therapeutic targets 
for IBD. Nat Rev Gastroenterol Hepatol 14(5):269–278

 4. Nunez FP et al (2020) Treat-to-target approach in the management 
of inflammatory Bowel disease. Gastroenterol Hepatol 44:31–319

 5. D’Haens G (2007) Risks and benefits of biologic therapy for 
inflammatory bowel diseases. Gut 56(5):725–732

 6. Leppkes M et al (2014) Pleiotropic functions of TNF-alpha in 
the regulation of the intestinal epithelial response to inflamma-
tion. Int Immunol 26(9):509–515

 7. Lu Y et al (2018) Toll-like receptors and inflammatory bowel 
disease. Front Immunol 9:72

 8. Papadakis KA, Targan SR (2000) Role of cytokines in the 
pathogenesis of inflammatory bowel disease. Annu Rev Med 
51:289–298

 9. Locksley RM, Killeen N, Lenardo MJ (2001) The TNF and 
TNF receptor superfamilies: integrating mammalian biology. 
Cell 104(4):487–501

 10. Bradley JR (2008) TNF-mediated inflammatory disease. J 
Pathol 214(2):149–160

 11. Lukong KE, Richard S (2003) Sam68, the KH domain-contain-
ing superSTAR. Biochim Biophys Acta 1653(2):73–86

 12. Ramakrishnan P, Baltimore D (2011) Sam68 is required for 
both NF-kappaB activation and apoptosis signaling by the TNF 
receptor. Mol Cell 43(2):167–179

 13. Tomalka JA, de Jesus TJ, Ramakrishnan P (2017) Sam68 is 
a regulator of Toll-like receptor signaling. Cell Mol Immunol 
14(1):107–117

 14. Fusaki N et al (1997) Interaction between Sam68 and Src family 
tyrosine kinases, Fyn and Lck, in T cell receptor signaling. J 
Biol Chem 272(10):6214–6219

 15. Frisone P et al (2015) SAM68: signal transduction and RNA 
metabolism in human cancer. Biomed Res Int 2015:528954

 16. Busa R et al (2007) The RNA-binding protein Sam68 contrib-
utes to proliferation and survival of human prostate cancer cells. 
Oncogene 26(30):4372–4382

 17. Fu K et al (2016) Sam68/KHDRBS1 is critical for colon tumo-
rigenesis by regulating genotoxic stress-induced NF-kappaB 
activation. Elife 5:e15018

 18. Qian J et al (2016) Sam68 modulates apoptosis of intestinal 
epithelial cells via mediating NF-kappaB activation in ulcera-
tive colitis. Mol Immunol 75:48–59

 19. Sun W et al (2018) Sam68 promotes invasion, migration, and 
proliferation of fibroblast-like synoviocytes by enhancing the 
NF-kappaB/P65 pathway in rheumatoid arthritis. Inflammation 
41(5):1661–1670

 20. Sato T et al (2011) Paneth cells constitute the niche for Lgr5 
stem cells in intestinal crypts. Nature 469(7330):415–418

 21. de Jesus TJ, Ramakrishnan P (2020) NF-kappaB c-Rel dictates 
the inflammatory threshold by acting as a transcriptional repres-
sor. iScience 23(3):100876

 22. Fu K et al (2013) Sam68 modulates the promoter specificity of 
NF-kappaB and mediates expression of CD25 in activated T 
cells. Nat Commun 4:1909

 23. Perez-Perez A et al (2016) Sam68 mediates the activation of 
insulin and leptin signalling in breast cancer cells. PLoS ONE 
11(7):e0158218

https://doi.org/10.1007/s00018-021-03976-7


7648 W. A. Goodman et al.

1 3

 24. Sanchez-Margalet V, Najib S (2001) Sam68 is a docking protein 
linking GAP and PI3K in insulin receptor signaling. Mol Cell 
Endocrinol 183(1–2):113–121

 25. Goodman WA et al (2018) Estrogen receptor alpha loss-of-func-
tion protects female mice from DSS-induced experimental colitis. 
Cell Mol Gastroenterol Hepatol 5(4):630-633 e1

 26. Chassaing B et al (2014) Dextran sulfate sodium (DSS)-induced 
colitis in mice. Curr Protoc Immunol 104:15–25

 27. Qiao A et al (2021) Ablation of Sam68 in adult mice increases 
thermogenesis and energy expenditure. FASEB J 35(8):e21772

 28. Scaldaferri F et al (2007) Crucial role of the protein C pathway 
in governing microvascular inflammation in inflammatory bowel 
disease. J Clin Invest 117(7):1951–1960

 29. Scaldaferri F et al (2009) VEGF-A links angiogenesis and inflam-
mation in inflammatory bowel disease pathogenesis. Gastroenter-
ology 136(2):585–95 e5

 30. Okayasu I et al (1990) A novel method in the induction of reli-
able experimental acute and chronic ulcerative colitis in mice. 
Gastroenterology 98(3):694–702

 31. Jabado N et al (1998) Sam68 association with p120GAP in CD4+ 
T cells is dependent on CD4 molecule expression. J Immunol 
161(6):2798–2803

 32. Gilbert C et al (2001) Evidence for a role for SAM68 in the 
responses of human neutrophils to ligation of CD32 and to mono-
sodium urate crystals. J Immunol 166(7):4664–4671

 33. Grossmann J et al (1998) New isolation technique to study apopto-
sis in human intestinal epithelial cells. Am J Pathol 153(1):53–62

 34. Ungaro R et  al  (2017) Ulcerative colit is.  Lancet 
389(10080):1756–1770

 35. Jarnerot G et al (2005) Infliximab as rescue therapy in severe 
to moderately severe ulcerative colitis: a randomized, placebo-
controlled study. Gastroenterology 128(7):1805–1811

 36. Reinisch W et al (2011) Adalimumab for induction of clinical 
remission in moderately to severely active ulcerative colitis: 
results of a randomised controlled trial. Gut 60(6):780–787

 37. Rutgeerts P et al (2005) Infliximab for induction and maintenance 
therapy for ulcerative colitis. N Engl J Med 353(23):2462–2476

 38. Sandborn WJ et al (2014) Subcutaneous golimumab induces clini-
cal response and remission in patients with moderate-to-severe 
ulcerative colitis. Gastroenterology 146(1):85–95 (quiz e14-5)

 39. Tomalka JA, de Jesus TJ, Ramakrishnan P (2016) Sam68 is a 
regulator of Toll-like receptor signaling. Cell Mol Immunol

 40. Kaser A, Zeissig S, Blumberg RS (2010) Inflammatory bowel 
disease. Annu Rev Immunol 28:573–621

 41. Fuss IJ et al (1996) Disparate CD4+ lamina propria (LP) lym-
phokine secretion profiles in inflammatory bowel disease. Crohn’s 
disease LP cells manifest increased secretion of IFN-gamma, 
whereas ulcerative colitis LP cells manifest increased secretion 
of IL-5. J Immunol 157(3):1261–1270

 42. Sartor RB (2006) Mechanisms of disease: pathogenesis of Crohn’s 
disease and ulcerative colitis. Nat Clin Pract Gastroenterol Hepa-
tol 3(7):390–407

 43. Shivaji UN et al (2019) Review article: managing the adverse 
events caused by anti-TNF therapy in inflammatory bowel disease. 
Aliment Pharmacol Ther 49(6):664–680

 44. Vulliemoz M et al (2020) TNF-Alpha blockers in inflammatory 
bowel diseases: practical recommendations and a user’s guide: an 
update. Digestion 101(Suppl 1):16–26

 45. Lukong KE et al (2005) Tyrosine phosphorylation of sam68 by 
breast tumor kinase regulates intranuclear localization and cell 
cycle progression. J Biol Chem 280(46):38639–38647

 46. Paronetto MP et al (2007) The RNA-binding protein Sam68 mod-
ulates the alternative splicing of Bcl-x. J Cell Biol 176(7):929–939

 47. Resnick RJ et al (1997) Phosphorylation of the Src substrate 
Sam68 by Cdc2 during mitosis. Oncogene 15(11):1247–1253

 48. Monteleone G et al (2005) Post-transcriptional regulation of 
Smad7 in the gut of patients with inflammatory bowel disease. 
Gastroenterology 129(5):1420–1429

 49. Hu D et al (2015) Interplay between arginine methylation and 
ubiquitylation regulates KLF4-mediated genome stability and 
carcinogenesis. Nat Commun 6:8419

 50. Lorton BM, Shechter D (2019) Cellular consequences of arginine 
methylation. Cell Mol Life Sci 76(15):2933–2956

 51. Babic I, Jakymiw A, Fujita DJ (2004) The RNA binding pro-
tein Sam68 is acetylated in tumor cell lines, and its acetyla-
tion correlates with enhanced RNA binding activity. Oncogene 
23(21):3781–3789

 52. Cote J et al (2003) Sam68 RNA binding protein is an in vivo sub-
strate for protein arginine N-methyltransferase 1. Mol Biol Cell 
14(1):274–287

 53. Hayashi S et al (2017) PI3K p85alpha subunit-deficient mac-
rophages protect mice from acute colitis due to the enhancement 
of IL-10 production. Sci Rep 7(1):6187

 54. Kim JK et al (2016) Grim19 attenuates DSS induced colitis in an 
animal model. PLoS ONE 11(6):e0155853

 55. Sun M et al (2017) Hypoxia inducible factor-1alpha-induced inter-
leukin-33 expression in intestinal epithelia contributes to mucosal 
homeostasis in inflammatory bowel disease. Clin Exp Immunol 
187(3):428–440

 56. Paronetto MP et al (2009) Sam68 regulates translation of target 
mRNAs in male germ cells, necessary for mouse spermatogenesis. 
J Cell Biol 185(2):235–249

 57. Richard S et  al (2005) Ablation of the Sam68 RNA binding 
protein protects mice from age-related bone loss. PLoS Genet 
1(6):e74

 58. Hu B et al (2010) Inflammation-induced tumorigenesis in the 
colon is regulated by caspase-1 and NLRC4. Proc Natl Acad Sci 
USA 107(50):21635–21640

 59. Mantovani A et al (2008) Cancer-related inflammation. Nature 
454(7203):436–444

 60. Eaden JA, Abrams KR, Mayberry JF (2001) The risk of colorectal 
cancer in ulcerative colitis: a meta-analysis. Gut 48(4):526–535

 61. Jess T, Rungoe C, Peyrin-Biroulet L (2012) Risk of colorec-
tal cancer in patients with ulcerative colitis: a meta-analysis of 
population-based cohort studies. Clin Gastroenterol Hepatol 
10(6):639–645

 62. Lutgens MW et al (2013) Declining risk of colorectal cancer in 
inflammatory bowel disease: an updated meta-analysis of popu-
lation-based cohort studies. Inflamm Bowel Dis 19(4):789–799

 63. Wang Y et al (2017) Expression of Sam68 correlates with cell 
proliferation and survival in epithelial ovarian cancer. Reprod Sci 
24(1):97–108

 64. Raval G, Mehta P (2010) TNF-alpha inhibitors: are they carcino-
genic? Drug Healthc Patient Saf 2:241–247

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Sam68 contributes to intestinal inflammation in experimental and human colitis
	Abstract
	Introduction
	Materials and methods
	Cells
	Human tissue samples
	Mice
	Dextran sulfate sodium (DSS)-induced colitis
	Histologic assessment of colonic inflammation
	Apoptosis assays
	Murine bone marrow transplantation
	Primary intestinal organoids
	RNA extraction and qPCR analysis
	Western blotting
	Data analysis and statistics

	Results
	Sam68 KO mice exhibit protection from experimental, DSS-induced colitis
	Sam68 KO mice are resistant to DSS-induced upregulation of proinflammatory cytokines and apoptosis
	Expression of Sam68 in hematopoietic cells does not significantly contribute to intestinal inflammation
	TNF-induced proinflammatory gene expression is compromised in Sam68 KO three-dimensional intestinal organoids
	Sam68 is selectively upregulated in inflamed regions of UC patient colon tissues

	Discussion
	Acknowledgements 
	References




